The northward shrinkage of the North Pacific western subarctic gyre (WSAG) in the early 2000s is associated with a sea surface height (SSH) elevation and is correlated to sea surface wind stress change. By using a Rossby wave model forced by wind stress, which computes the component variations due to the barotropic and first to fourth baroclinic modes, we estimated decadal changes in SSH and main pycnocline depth in the subpolar region. Realistic decadal SSH elevation and deepening of the main pycnocline depth associated with the northward shrinkage of the western subarctic gyre from the late 1990s to the mid-2000s were reproduced by the model. The sea surface elevation was caused primarily by the barotropic Rossby wave response to the relaxation of the Ekman suction due to the attenuation of the Aleutian Low by frequent La Niña occurrences after the late 1990s in addition to the long-term weakening of the westerly wind. The northward shrinkage of the WSAG was found to be associated with the intensification of an anticyclonic circulation centered around 43-44°N, 170-175°E. The westerly wind weakening deepened the main pycnocline in the western subarctic region through the baroclinic Rossby wave mode response to the wind stress change, which mostly accounts the equivalent halocline deepening at station K2 (47°N, 160°E) . While the first baroclinic mode variation of the water density significantly attenuates during propagation, the higher mode variations, particularly the second and third mode variations, are locally excited through a quasi-resonant amplification mechanism and have profound impacts on the depth of the upper main pycnocline.
Introduction
In the subpolar North Pacific, a basin-scale cyclonic circulation, called the subpolar gyre, is driven by the sea surface wind stress over the entire subpolar ocean (Dodimead et al. 1963; Ohtani 1973; Favorite et al. 1976; Nagata et al. 1992) . The western boundary current of the subpolar gyre flows southwestward along the eastern coast of the Kamchatka Peninsula as the East Kamchatka Current and east of the Kuril Islands and Hokkaido as the Oyashio Current. It returns to the central subpolar region as an interior weak flow. The southern border of the subpolar gyre, i.e., the Oyashio Current, was reported to have migrated *Correspondence: nagano@jamstec.go.jp 1 Research Institute for Global Change, Japan Agency for Marine-Earth Science and Technology (JAMSTEC), 2-15 Natsushima-cho, Yokosuka Kanagawa 237-0061, Japan Full list of author information is available at the end of the article northward from the 1990s to the 2000s, an event suggested to have been caused by a change in the wind stress curl field (Kuroda et al. 2015) . Wind-driven meridional shifts in the Oyashio Current have also been suggested by Sekine (1999) and others.
The subpolar gyre is known to have regional cyclonic circulations in its interior (Dodimead et al. 1963; Ohtani 1973; Favorite et al. 1976; Nagata et al. 1992) . A regional cyclonic circulation, called the western subarctic gyre (WSAG), is embedded in the western part of the subpolar gyre, as schematically illustrated in Fig. 1 . The southwestward current of the western border of the WSAG merges into the East Kamchatka Current. Due to the moderate baroclinic structures of the current and density in the WSAG, the main pycnocline (halocline) becomes shallower toward the center of the gyre (Miura et al. 2002) , where the sea surface height (SSH) is observed to be minimal (Nagano et al. 2016 ).
In the western subarctic region, a temperature minimum layer, called the dichothermal layer, exists at a depth between 100 m and 200 m above the main pycnocline or halocline (Dodimead et al. 1963; Favorite et al. 1976) . The dichothermal layer is occupied by the remnant of the winter mixed layer water formed during the previous winter (Miura et al. 2002; Wakita et al. 2010 Wakita et al. , 2013 . In the late 1990s, hydrographic and chemical time series observations in the western subarctic region were initiated at stations K2 (47°N, 160°E) and KNOT (44°N, 155°E) ( Fig. 1) . Using observation longer than 15 years, a decadal deepening of the halocline was revealed at these sites; in this layer, slow acidification and decreasing carbon dioxide release to the atmosphere in the winter were observed (Wakita et al. 2010 (Wakita et al. , 2013 (Wakita et al. , 2017 . Nagano et al. (2016) found that the WSAG shrank northward from the late 1990s to the mid-2000s on the basis of altimetric SSH during the period of 1992-2010. The increase in SSH in the western subarctic region due to the gyre change until 2000 was also monitored by Qiu (2002) . Combining conductivity-temperature-depth (CTD) and SSH data using the altimetry-based gravest empirical mode (AGEM) method, (Nagano et al. 2016) estimated the change in the halocline or upper main pycnocline depth. As a result, the halocline at K2 was found to be displaced downward in association with the northward shrinkage of the WSAG; further, it is related to the decadal decrease in water density in the dichothermal layer, i.e., the base of the winter mixed layer at K2. In other words, water density in the dichothermal layer is substantially controlled by the WSAG via the change in the upper main pycnocline depth. We consider that barotropic variations, not affecting density in the subsurface layer, are included in the subarctic decadal SSH change. However, the AGEM method of Nagano et al. (2016) does not distinguish the barotropic variations from baroclinic ones, which are possibly related to the observed decadal density change. Another method that treats separately barotropic and baroclinic variations is required to examine the mechanism of the upper main pycnocline change.
Over the subpolar North Pacific, there are vigorous variations of the Aleutian Low and the westerly wind (e.g., Wallace and Gutzler 1981) , which mainly drives the subpolar gyre. reported that seasonal to interannual variations in coastal sea level and Nagano and Wakita Progress in Earth and Planetary Science (2019) 6:59 Page 3 of 26 SSH in the Oyashio and East Kamchatka Current regions are generated by the wind stress changes. The decadal gyre variations in the western subarctic region might be driven by changes in wind stress induced by those of the westerly wind and the Aleutian Low. The northward shrinkage of the WSAG, indicated by the time coefficient of the first empirical orthogonal function mode of SSH (Nagano et al. 2016) , is found to be simultaneously linked to the changes in wind stress curl in the eastern subpolar region and the region southeast of the Kamchatka Peninsula, as implied by fairly high correlation in Fig. 2 . Meanwhile, note that there is no significant trend in the annual mean potential density of the sea surface water at K2 (Wakita et al. 2017) . Therefore, the decadal elevation in SSH and deepening of the halocline depth at the station are not mainly attributable to changes in water density due to thermal expansion and freshwater supply in the sea surface layer. Using a β-plane two-layer model forced by wind stress, Qiu (2002) suggested that the change in the WSAG is expected to be driven by the change in wind stress, although this has not been fully examined by past investigators. Under the assumption of the Sverdrup balance in the interior region of the subpolar gyre, variations in the gyre volume transport and SSH excited by interannual to decadal changes in wind stress such as due to the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997; Mantua and Hare 2002) were examined by Isoguchi et al. (1997) , Ishi and Hanawa (2005) , and . These simple models, in which neither the bottom topography (e.g., Ripa 1978) nor the beta-dispersion (e.g., Schopf et al. 1981) were not taken into account, reproduced reasonable decadal gyre changes. In other words, decadal fluctuations in the subpolar region are well explained by long Rossby wave responses to wind stress changes. However, these low-vertical-resolution models are insufficient to examine the observed potential density change associated with the northward shrinkage of the WSAG reported by Wakita et al. (2010 Wakita et al. ( , 2013 Wakita et al. ( , 2017 and Nagano et al. (2016) . A continuously stratified model is required to discuss the wind-driven density change in the western subarctic region.
In general, Rossby wave adjustments of the oceans to changes in wind stress are involved in the wind-driven changes of the circulations (e.g., LeBlond and Mysak 1978; Gill 1982; Pedlosky 1987) . SSH changes accompanied by Rossby wave adjustments propagate westward with various speeds according to their spatial and temporal scales and are subject to eddy dissipation. Kawabe (2000 Kawabe ( , 2001 solved the vorticity gradient equation (e.g., LeBlond and Mysak 1978) with wind stress forcing to take into account the propagations of disturbances by Rossby waves and calculated interannual sea level variations at tide gauge stations in the North Pacific subtropical region. Adopting this method to the SSH changes in the North Pacific subpolar region, we can compute the changes in SSH and water potential density due to the individual barotropic and baroclinic mode changes excited by the wind stress changes. Moreover, we can examine the mechanism controlling how the WSAG shrinkage and main pycnocline deepening are caused by changes in wind stress.
In this study, we calculated variations in SSH, volume transport, and water potential density using a dynamical model of barotropic and baroclinic Rossby waves excited by changes in wind stress including vertical and horizontal eddy dissipation. We examined whether the wind-driven SSH calculation produces the decadal SSH change associated with the northward WSAG shrinkage. Fig. 2 Map of correlation coefficient between wind stress curl and the time coefficient of the first empirical orthogonal function mode of SSH calculated by Nagano et al. (2016) . For the calculation, we used wind stress data provided by the US National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR). Locations of stations K1, K2, and KNOT are indicated by stars (2019) 6:59
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Using the calculated SSH and potential density variations, we identified disturbances that yield the northward gyre shrinkage and discuss the mechanism of the decadal deepening of the main pycnocline at K2. The data and calculation method are described in "Materials/method" section. In "Results and discussion" section, we determine the parameters required for the SSH calculation comparing between the observed and calculated SSH changes at K2, using the obtained parameters, we calculate the SSH changes and describe their characteristics, and discuss the potential density change at K2. A summary and conclusion are provided in "Conclusions" section.
Materials/method

SSH data
Daily SSH anomalies with horizontal grid intervals of 1/4°f rom January 1993 to December 2014 in the region of 40-60°N, 140°E-130°W were collected from the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO) delayed-time updated mapped data (DT-MSLA-H, http://www.aviso.altimetry.fr/duacs/) (AVISO 2016). We calculated the monthly mean SSH anomalies, added them to the mean dynamic topography (MDT_CNES-CLS13) compiled by Rio et al. (2011) , and obtained the monthly absolute SSH. To analyze interannual to decadal variations in SSH, we smoothed them using a 15-month running mean filter. The SSH data at K1 (51°N, 165°E), K2, and KNOT were obtained from the smoothed SSH data at the nearest grids.
Wind stress data
To compute wind-derived SSH variations, we used the monthly mean momentum flux vector, τ = (τ x , τ y ), where τ x and τ y are the zonal and meridional wind stresses, respectively, with horizontal grid intervals of 1°in the region of 40-54°N, 160°E-135°W (the region enclosed by a black square in Fig. 3 ) from January 1979 to December 2014. The data were provided by the US National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) (Kalnay et al. 1996) . From the τ data, we computed the Ekman pumping velocity
where f is the Coriolis parameter). Upward Ekman vertical velocity was taken to be positive w E . Namely, positive w E indicates Ekman suction. To analyze interannual to decadal variations, we smoothed the w E data using a 15-month running mean filter. Using the smoothed w E data, we calculated the SSH variations, as will be described in "Results and discussion" section.
Hydrographic data
Full-depth CTD data collected at the World Ocean Circulation Experiment (WOCE) P01 (47°N) line from May 21 to June 13, 1999, by Watanabe et al. (2001) and Fukasawa et al. (2004) and others on board the R/V Kaiyo-maru (Japan Fisheries Agency) were used to estimate the vertical structures of the baroclinic Rossby wave modes. The CTD sensors were calibrated before and after the cruise. Water sampling at the CTD stations was performed using Niskin bottles mounted on the CTD Fig. 3 Map of the North Pacific including the bottom topography. Bottom topography is based on ETOPO1 data. The wind stress data in the region enclosed by a square were used for the calculations of SSH at stations K1, K2, and KNOT. NCEP/NCAR sea-level pressure (hPa) averaged during the study period is denoted by white contours with intervals of 2 hPa frame. By using the sampling data, the CTD data were calibrated. The accuracies of the temperature and salinity data used in this study are better than 0.00008°C and 0.003 (psu), respectively. The zonally averaged profile of the potential density of seawater based on the CTD data collected in the western subarctic region between 160°E and 170°E were vertically averaged over 10 dbar to eliminate small-scale vertical variations and gridded from 10 dbar to 4000 dbar at intervals of 10 dbar. In addition, we used a climatological potential density profile around K2 based on the World Ocean Database 2013 (WOD2013) (Boyer et al. 2013) to examined the validity of the use of WOCE P01 data collected in such a short time for the calculation of the vertical structures of the baroclinic modes.
Model description and calculation procedure
We adopted the β-plane linearized form of the hydrostatically balanced equations of motion and continuity to estimate the interannual to decadal variations in SSH (η) due to Rossby waves forced by changes in wind stress, as applied by Kawabe (2000 Kawabe ( , 2001 in the subtropical region of the North Pacific. Over a flat bottom ocean, perturbations of horizontal current velocity vector u = (u, v), pressure p, and water density ρ are solved via separation of variables as follows:
where t is time and x, y, and z are the eastward, northward, and upward coordinates, respectively. The φ n function is the nth eigenfunction, satisfying
where C 2 n = gh n , g is the gravitational acceleration (9.80 ms −2 ), h n is the equivalent depth, N 2 = −gρ −1 ∂ρ/∂z is the squared Brunt-Väisälä frequency, and ρ is the mean vertical profile of potential density. The eigenfunctions are normalized as
where D b is a constant bottom depth. Therefore, the vertical structure of the nth baroclinic Rossby wave mode, i.e., φ n (n = 1, 2, · · · , ∞), is obtained as the nth eigenfunction of Eq. (3) with the boundary condition of no vertical velocity, i.e., dφ n /dz = 0, at the sea surface and bottom, i.e., z = 0 and −D b . The barotropic Rossby wave mode is represented by the zeroth mode (n = 0) of C 2 0 = gD b and vertically constant φ 0 .
The governing equation of the meridional velocity perturbation due to the nth baroclinic mode of the Rossby waves, i.e., v n , which is called the vorticity gradient equation (e.g., LeBlond and Mysak 1978) , forced by interannual to decadal variations in wind stress is obtained in Cartesian coordinates as
where
and K H (K V ) are the horizontal (vertical) eddy viscosity and diffusion coefficients, respectively, and β is the latitudinal variation of f (i.e., f = f 0 + βy). The first, second, and third terms of the right hand side of Eq. (5) represent external forcing, eddy viscosity, and eddy dissipation, respectively. We assume
Further, we define B≡D V N 2 and take to be constant, following to the presumption of K V ∝N −2 in the western subarctic region by Andreev et al. (2002) .
A single fluctuation of the Ekman pumping velocity, w E , is represented by a sustained forcing of superposed sinusoidal meridional modes as
where W m is amplitude of the mth meridional mode of w E , H is the Heaviside step function (defined as a function providing zero until time t = t 0 and unity afterward), δ is the Dirac delta function (defined as a function providing zero for any x except for longitude x = x 0 ), and L is the meridional length of the study region. t 0 and x 0 are time and the zonal position of the induction of w E , respectively, so that values of W m are determined for every t 0 and every x 0 . ∂ 2 w E /∂t∂y in Eq. (5) is neglected because this term is not significantly effective due to its attribution to a zonal and temporal δ function. Substituting Eq. (6) and the geostrophic relationship, ρ 0 f 0 v n = ∂ x p n , into Eq. (5), neglecting ∂ t ∂ y w E , and integrating with respect to x, we obtain
where ρ 0 is the constant overall water density. The solution of Eq. (7) is found as
c mn is the propagation speed of the mth meridional mode and nth vertical mode Rossby wave, and r mn is the damping rate due to eddy dissipation. Depending on the vertical and meridional modes, zonal scales of Rossby waves are variable in this model. κ is the zonal wavenumber of the Rossby wave with decadal periods (here, we adopted 10 years to examine the decadal change in SSH studied by Nagano et al. (2016) ); in other words, we set κ = 2π/(10 year × c mn ), although the calculated SSH is little dependent of κ. Therefore, variations in pressure caused by impacts of the change in wind stress at location x 0 at time t 0 propagate with the distinctive speed of c mn as a Rossby wave, being subject to damping at the rate of r mn . Since, in this model, the geostrophic equilibrium is assumed to be instantaneously accomplished (in reality, adjusted through the propagations of inertial gravity waves), an induction of wind stress forcing can excite fluctuations in pressure and velocity both to the east and west of the forcing region. Note that Eq. (8) is the solution for a sustained forcing with the temporal step function; therefore, we differentiate Eq. (8) with respect to t 0 to obtain the solution for an impulsive forcing, i.e., a Green's function of long Rossby wave. Next, replacing t 0 and x 0 with t and x , and integrating with respect to them across the intervals of (−∞, t ] and [x, x e ], respectively, the total pressure at any time t and any location (x, y) due to the nth Rossby wave mode (P n ) is expressed as
where x e is the position of the eastern boundary. Using P n , the variation in SSH due to the change in wind stress (η) is estimated to be
where ρ 0 is set to 1025 kg m −3 . Using the hydrostatic relation, the change in the vertical density distribution due to the nth baroclinic mode, i.e., ρ n , is expressed as ρ n = −p n /gh n . The volume transport due to the nth vertical mode through a zonal line between the longitude of the Kuril Islands (x w ) and the longitude of K2 (x K2 ) from the sea surface (z = 0) to a depth of −D is calculated as
where V n is the total geostrophic velocity due to the nth mode and the geostrophic relationship, ∂ x P n = ρ 0 fV n , was used to obtain the right hand side. To estimate the volume transport variation caused by the wind stress change in the interior region, we further assume no perturbation at the western edge of the western boundary current, i.e., P n (x w ) = 0. Therefore, the volume transport due to the nth vertical mode is approximated as
The total volume transport (Q) is calculated by summing
Integrating φ from the sea surface to the bottom (z = −D b ), the volume transport due to the baroclinic Rossby wave modes vanishes, i.e., Q = Q 0 . Note that the volume transport should not be identical to the East Kamchatka Current transport because we neglect the pressure variation at the western boundary. If we neglect the time-varying, eddy viscosity, and eddy dissipation terms of Eq. (5), the familiar formula of the Sverdrup balance is obtained. Due to the rapid barotropic (n = 0) response to the change in wind stress, the variation in the volume transport calculated by this model, i.e., Q, should be nearly identical to those based on the Sverdrup balance, as investigated by Isoguchi et al. (1997) , Ishi and Hanawa (2005) , and .
To examine the characteristic curves of the barotropic Rossby wave in the study region, we calculated geostrophic contours, i.e., f /H, where H is water depth (not shown). Except near the Hawaiian-Emperor seamount chain, the Aleutian Arc, and the western and eastern boundaries of the ocean, the geostrophic contours around the latitudes of K2 and KNOT are largely parallel to the latitudinal lines. It should be noted that the zonal scale of the meridional deviation of the geostrophic contours is much smaller than those of (2019) 6:59
Page 7 of 26 barotropic disturbances (> 70000 km). Accordingly, the barotropic disturbances around the latitudes of K2 and KNOT excited by the wind stress changes in the interior region are considered to propagate zonally, being not significantly affected by the seamount chain.
Results and discussion
Calculation of the wind-driven SSH variation
Using the WOCE P01 CTD data collected in 1999 in the region between 160°E and 170°E, we calculated the average potential density, σ θ = ρ − 1000 (kg m −3 ), down to a depth of 4000 dbar, D b = 4000 dbar (Fig. 4a) . The potential density steeply increases with depth particularly in the top 200 dbar, where the halocline exists and compensates for the temperature inversion in the dichothermal layer (Nagano et al. 2016) . These near sea surface characteristics are typical of the early summer density profile in the western subarctic North Pacific. The main pycnocline is present from just below the halocline to a depth of approximately 1500 dbar. In this paper, we discretized Eq. (3) in terms of z at intervals of 10 dbar and obtained C n and φ n by solving the eigenvalue problem. The eigenfunctions of the lowest four baroclinic Rossby wave modes, i.e., φ n (n = 1, 2, 3, and 4), are shown in Fig. 4b , concurrent with the vertical structure of the barotropic mode (n = 0). The obtained φ n is found to cross zero n times, i.e., it has n nodes. Although the potential density above the depth of the winter mixed layer (∼110 m) varies seasonally, the structure of the nth mode with n nodes under the depth of the winter mixed layer is likely to be almost independent of the CTD observation season.
The calculated phase speeds of the barotropic and baroclinic Rossby waves, c mn , are listed in Table 1; basin in shorter than approximately 8 months. Discrepancies of phase speeds at KNOT and K1 due to the β-plane approximation fixed at K2 are estimated to be less than 6 %, so that the error of travel time of disturbances across the ocean is shorter than the temporal intervals of the τ data, i.e., 1 month. Baroclinic disturbances are transmitted primarily by the first (n = 1) baroclinic Rossby waves with a phase speed of 0.4-0.5 cm s −1 but only slightly by the higher baroclinic mode waves because of their slow phase speeds (n = 2, 3, and 4) and damping due to eddy dissipation. Despite that discrepancies of phase speeds at KNOT and K1 due to the β-plane approximation are approximately 17 %, spatiotemporal characteristics of calculated SSH variations are not significantly distorted because their propagations are quite slow. Note that, using the WOD2013 potential density profile around K2, we obtained the vertical structures of the baroclinic modes and the propagation speeds of Rossby waves. These are basically equivalent to those derived from the WOCE P01 CTD data. However, possibly because the WOD2013 climatology in the western subarctic region was constructed from a small number of data collected in layers deeper than 2000 dbar, the WOD2013 data provide artificial discontinuities in φ around a depth of approximately 2000 dbar. Therefore, for the present calculation of wind-driven SSH variations, we adopted the vertical structures and propagation speeds of the baroclinic modes calculated from the WOCE P01 CTD data.
Next, the Ekman vertical velocity, w E , was calculated from the NCEP/NCAR monthly mean momentum flux data. Because w E has a peak around the latitude of K2, we decomposed w E into the first to fourth meridional modes, as in Eq. (6) (m = 1, 2, 3, and 4), setting L = 14°l atitude (equivalent to 1556 km). The mean zonal distributions of the amplitude of the meridional modes, i.e., W m , are shown in Fig. 5a . The amplitude of the first meridional mode of w E (m = 1, solid black line) is significantly larger than those of the other modes west of approximately 160°W owing to the strong westerly wind from the Eurasian continent and gradually decreases eastward. The second meridional mode (m = 2, red line) has substantial amplitudes west of approximately 165°E, and the third (m = 3, green line) and fourth (m = 4, blue line) modes have nearly equivalent amplitudes to the residual error (dashed line) defined as the root-mean-squared difference between the raw and four mode-based synthetic values of w E .
As shown by the standard deviation of W in Fig. 5b , the variations in the amplitudes of the meridional modes are mostly greater with the larger meridional scales expressed by the lower modes. In particular, a significant peak in the standard deviation of the first meridional mode (m = 1, black line) variation exceeding 0.4×10 −6 m s −1 is present between approximately 150°W and 160°W, where the westerly wind on the southern limb of the Aleutian Low prevails and wind stress curl is correlated to the SSH variation associated with the WSAG change (Fig. 2) . The second meridional mode (m = 2, red line) has a peak variation near a longitude of approximately 167°E, the magnitude of which is greater than that of the first meridional mode (black line). This peak variation of the second mode coincides with the variation in wind stress curl in the region southeast of the Kamchatka Peninsula correlated to the WSAG change (Fig. 2) . The variations in the third (m = 3, green line) and fourth (m = 4, blue line) meridional modes are significantly smaller than those in the lower modes. Because the meridional scales of higher modes are similar to or smaller than the resolution of the NCEP/NCAR wind stress data (∼2.5°), we used the lowest four meridional modes to calculate the variations in SSH and potential density. Equation (9) shows that the variation in total pressure can be calculated by the accumulation of linear Rossby wave responses to the changes in wind stress curl from past to time t and from the eastern end to location x. It should be noted that because we represented a single fluctuation of w E by the Heaviside step function of time in Eq. (6), the amplitudes of the variations in pressure and SSH are proportional to the derivative of W with respect to time, i.e., ∂W /∂t in Eq. (9) (because the derivative of the step function is the δ function). Therefore, to calculate the amplitude of the Rossby waves excited by the wind stress curl changes, we computed the differences in W between successive months for every longitudinal grid.
To determine the parameters related to damping due to vertical and horizontal eddy diffusion, we calculated variations in SSH, by using Eq. (10) and setting D H (the horizontal eddy diffusion coefficient) to 0 m 2 s −1 , 1 m 2 s −1 , 10 m 2 s −1 , 50 m 2 s −1 , and 100 m 2 s −1 ; and B (the vertical eddy diffusion coefficient) to 0 m 2 s −3 , 1×10 −8 m 2 s −3 , 5×10 −8 m 2 s −3 , 1×10 −7 m 2 s −3 , and 2×10 −7 m 2 s −3 . Note that, at K2, the SSH variation is considered to be driven purely by the wind stress change to the east without being affected by topographic blocking and other gyre variations, in comparison with those at other sites such as K1 and KNOT. Accordingly, we determined the parameters , and fourth (m = 4) modes are shown by black, red, green, and blue lines, respectively. In panel a, the mean residual error (10 −6 m s −1 ) of the Ekman pumping velocity, w E , for the four meridional modes is indicated by a dashed line based on the SSH variation at K2. Correlation coefficients between the observed and calculated SSH are listed in Table 2 ; to focus on decadal variations, we smoothed calculated SSH time series by using a 35-month running mean filter. The highest correlation is found to be 0.79 for the case of D H = 10 m 2 s −1 and B = 1×10 −7 m 2 s −3 , which is higher than the 90% confidence interval (0.73) for 4 equivalent degrees of freedom based on Student's t test. The estimated SSH variations are not sensitive to the diffusion parameters within ranges of 0 < D H < 100 m 2 s −1 and 5×10 −8 < B < 2×10 −7 m 2 s −3 ( Table 2) . As described below, reasonable decadal increases in SSH were computed at other sites in the western subarctic region. Therefore, we analyzed the SSH variations Kawabe (2000) . This is consistent with the fact that spatial eddy mixing scales in the subpolar region are smaller than those in the subtropical region (Stammer 1998) . Meanwhile, the values of B for both regions are similar.
The calculated wind-derived SSH variation at K2 smoothed by a 35-month running mean filter is shown by the red thick line in Fig. 7a ; for comparison, we display the altimetric SSH variation (blue thick line). The standard deviation of the calculated SSH variation during the period of the altimetric SSH observation is 4.0 cm, which is comparable to but larger than the standard deviation of the observed SSH variation (3.8 cm). It should be noted that the year of the background potential density observation at the WOCE P01 line, i.e., 1999, nearly corresponds to the midpoint of the decadal increase in SSH at K2. This suggests that the selection of the background density profile observed in 1999 is reasonable for the SSH calculation during the study period.
The effects of eddy dissipation on the damping rates are strongly dependent on the baroclinic modes but are mostly independent of the meridional modes (Kawabe 2000) . Because the amplitude of the SSH disturbances due to the barotropic Rossby waves (n = 0) is not significantly affected by the dissipation, the damping rates, defined as exp(−r× 1 year) in this paper, are nearly unity (Table 3 ). Due to the eddy dissipation, the amplitude of the first baroclinic Rossby waves (n = 1) attenuates to approximately 40% after 1 year of propagation following excitation. For the higher baroclinic Rossby modes, i.e., the second (n = 2), third (n = 3), and fourth (n = 4) modes, variations in SSH nearly vanish within 1 year. Because the propagation speeds of these higher baroclinic Rossby wave modes are slow as described above (Table 1) , their contributions are localized around the forcing regions. We performed comparisons between the calculated and altimetric SSH variations at other sites. The variation in SSH at K1 (marked by the northernmost star in Fig. 3 ) was calculated using the w E along the zonal line from 135°W to K1 and its correlation coefficient (0.43) is much lower than the 90% confidence interval. As described below, the SSH variation at K1 appears to be excited west of the southern end of the Aleutian Arc (longitude ∼180°). Accordingly, we calculated the SSH variation at K1 forced by the w E in the region west of 180°alone. As a result, the correlation coefficient rose to 0.58. Therefore, the SSH variation at K1 is thought not to be affected by changes in the wind stress originated east of the Aleutian Arc but to be forced primarily by the local change in wind stress to the west. However, note that the standard deviation of the calculated SSH (3.0 cm) is much smaller than that of the observed SSH (5.2 cm). It is likely that the interannual to decadal SSH variation at K1 is significantly affected by changes in forcings other than wind stress.
Because station KNOT is located to the west of 160°E (Fig. 3) , i.e., outside the calculation region, we cannot compute the SSH variation at this site. Instead, we obtained the SSH variation at a site east of KNOT, i.e., 44°N 160°E, and compared it to the observed SSH variation at this location. Even though the correlation coefficient between the calculated and observed variations in SSH is 0.51, which is lower than the 90% confidence interval, due to the influences of the subtropical water from the south (Tsurushima et al. 2002) , the calculated SSH increases, consistent with the increase in observed SSH that we focus on in this paper. The decadal increase in SSH east of KNOT may be due to the change in wind stress in the subpolar region, as will be discussed below.
SSH disturbances can also propagate from the far east, outside the calculation region. Disturbances generated in the equatorial region due to El Niño propagate along the equator and the North American coast as equatorial and coastal Kelvin waves, and proceed westward as baroclinic Rossby waves (e.g., Endfield and Allen 1980 and Jacobs et al. 1994) . Perhaps, other types of disturbances on interannual to decadal timescales are also excited by various kinds of forcing. Disturbances excited in the narrow Nagano and Wakita Progress in Earth and Planetary Science (2019) 6:59 Page 11 of 26 region near the North American coast should be carried by baroclinic Rossby waves with a horizontal scale of the internal Rossby radius of deformation. Therefore, such disturbances decay just west of the coast due to the significant damping (Qiu et al. 1997 ) and do not affect the SSH variation in the western subarctic region. As described below, this simple wind-driven Rossby wave model should be noted to exhibit some discrepancies between the simulated and observed SSH variations. The discrepancies are supposed to be attributable principally to two reasons. First, topographic effects such as the joint effect of baroclinicity and bottom relief (JEBAR), through which the ocean slowly respond to rapid forcing changes, were not taken into account in the model. As speculated by Frankignoul et al. (1997) , the ocean can slowly respond in the barotropic manner to shorter timescale wind stress changes and produce variations on longer timescales. In the present model, the atmospheric variations caused by El Niño excite substantial depressions in SSH, but they were not observed prominently by the satellite altimetry. Accordingly, the El Niño-related SSH depressions are not convincing.
Second, the damping parameters were assumed to be uniform in the whole subpolar region. Characteristics of propagations of SSH fluctuations appear to be different with respect to longitudes. In Fig. 6 , we show the spatial distribution of correlation coefficient between altimetric and simulated decadal SSH variations in the subpolar region. Significantly high-correlation (> 0.73) areas are present in the northwestern and eastern parts of the calculation region. It should be, however, noted that a low-correlation (reaching minimum values of approximately − 0.2) area extends southwestward from 50°N, 160°W to 40°N, 165°E bounded by the western and eastern high-correlation areas. This distribution of the low correlation is different from those of major bottom topographies such as the Hawaiian-Emperor seamount chain ( Fig. 3) but is likely to be a propagating baroclinic Rossby wave pattern. As in the present model, we set the damping parameters to obtain reasonable SSH variation in the WSAG region, disturbances propagating as baroclinic Rossby waves from the eastern to central subpolar North Pacific might be more suppressed than in the real ocean.
Nevertheless, fluctuations in SSH excited in the eastern high-correlation area rapidly propagate westward as barotropic Rossby waves through the low-correlation area in Fig. 6 and contribute to the simulated SSH variations in the high-correlation western subarctic region, so that the wind-driven SSH variation component in the target region, i.e., the western subpolar North Pacific, is considered to be appropriately computed.
Wind-driven SSH and volume transport changes
Along with the decadal increase in altimetric SSH at K2 (blue thick line in Fig. 7a ), the wind-driven SSH at that site (red thick line) increased during the altimetry observation period. The increase in SSH is found to have begun in the late 1990s, being consistent with the result of Nagano et al. (2016) . To obtain the linear trend excluding sharp interannual variations, we examined the statistical significance by the Mann-Kendall trend test (e.g., Wilks 2019). Based on the Mann-Kendall trend test, Kendall's τ coefficient of the calculated wind-driven SSH change during the period of 1993-2014 at the site is 0.43. This value is higher than the 99% confidence level (0.11); in other words, this increasing trend is statistically significant. Accordingly, the SSH change can be approximated by a linear trend. Using Sen's method (Sen 1968) , the linear trend was computed to be 0.54 cm year −1 , which is the same order of magnitude as the 0.66 cm year −1 of the altimetry SSH trend during the same period.
At K1 and the site east of KNOT, the wind-driven increases in SSH were calculated to be 0.13 and Fig. 8a and c) . According to the above Kendall's criterion, these trends are also statistically significant. In particular, the winddriven SSH elevation at the site east of KNOT is larger than the observed trend (0.38 cm year −1 ) (Fig. 8c) . The magnitudes of the wind-driven SSH increases at K2 and the site east of KNOT are sufficiently large to explain the observed northward shrinkage of the WSAG. Therefore, it is suggested that the decadal SSH change is mostly attributable to the change in wind stress. Meanwhile, at K1, the calculated trend is much smaller than the observed value (0.67 cm year −1 ) (Fig. 8a) , the northern part of the circulation being strongly affected by other factors than wind stress. On the basis of the decadal wind-driven SSH changes, the onset of the SSH increase occurred in order from the south, as in 1992, 1997, and 2004 at KNOT, K2, and K1, respectively (arrows in Fig. 8 ).
The intensification of the Aleutian Low via the atmospheric teleconnection by El Niño is illustrated by the depressions in the area-weighted sea level atmospheric pressure in the region of 30-65°N, 160°E-140°W, called the North Pacific Index (NPI) (Trenberth and Hurrel 1994) . In association with the intensification of the Aleutian Low in winter, interannual (∼3-year) timescale depressions were produced in calculated SSH at K2 (red thin lines in Figs. 7a and 8b ) and the site east of KNOT (red thin line in Fig. 8c ). However, no clear corresponding depressions were observed in altimetric SSH at K2 and KNOT. In Fig. 9 , we display Hovmöller diagrams of the altimetric SSH variations at the latitudes of K1, K2, and KNOT. In altimetric SSH, negative SSH disturbances were generated in 1995, 1998, 2003 , and 2010 at K2 and KNOT (arrows in Fig. 9b and c) when the Aleutian Low was intensified by El Niño and induced positive fluctuations in wind stress, w E , in regions to the east of approximately 180°(arrows in Fig. 10b and c) . Similar negative SSH disturbances are found also at K1 in the El Niño years (arrows in Fig. 9a ) except in 1995 and the corresponding w E fluctuations occurred to the east of approximately 160°W (arrows in Fig. 10a ). By the satellite altimetry, the El Niño-related negative SSH disturbances at the latitudes of KNOT and K2 reached the sites in 2003 and 2010, respectively, but other negative SSH disturbances appear to be canceled out around or to the east of the sites by regional positive disturbances to the west of ∼170°W (K1 and K2) or ∼180°(KNOT). Meanwhile, the disturbances in SSH excited by the El Niño-related enhancement of the Ekman suction, i.e., the increases in w E , at the latitudes of K2 (Fig. 11b) and KNOT (Fig. 11c ) are calculated to reach the western end of the calculation region (arrows) and they are shown by the significant SSH depressions in Fig. 8b and c. At the latitude of K1 (Fig. 11a) , the El Niño-related SSH dips were generated to the east of 180°and sometimes to the west. Also, in the opposite phase of El Niño-Southern Oscillation (ENSO), i.e., La Niña, elevations in SSH are excited at the latitudes of K2 and KNOT by the relaxations of the Ekman suction. The spatiotemporal patterns of the total wind-driven SSH variations at the latitudes (Fig. 11) are fairly similar to and dominated by those of the barotropic SSH variations (Fig. 12) . Remarkably, the ENSO-timescale variations are nearly simultaneously exited by the barotropic (n = 0) Rossby wave response to the changes in wind stress to the east of approximately 180°longitude, which is a region of significant wind variation due to the change in the Aleutian Low (black line in Fig. 5b ). The amplitudes of the wind-driven SSH variations diminish toward the farther east.
Nagano and Wakita Progress in Earth and Planetary Science
Probably because topographic effects such as the JEBAR were neglected, the modeled ocean produced significant SSH depressions, which were not comparably observed by the altimetry, in response to short-term El Niño-related intensification of the Aleutian Low. Meanwhile, in the case of La Niña, discrepancies between the simulated and observed SSH changes are not remarkable. The wind variations in the subpolar region through the atmospheric teleconnections from the tropical region consist of fluctuations on timescales shorter than approximately 10 days (e.g., Feldstein 2000) . In addition, El Niño decays more rapidly than La Niña (e.g., Ohba and Ueda 2009 and Hu et al. 2017 ). Therefore, it should be noted that the ENSOtimescale variation in wind stress forcing is not caused by individual pulses of the atmospheric anomalies but their accumulative modulation; more (less) frequent tropical convective activity triggers extratropical wind anomalies in the central to eastern North Pacific more (less) often during El Niño (La Niña) years. These differences might be the reason why the ocean response to El Niño is different from that to La Niña. From the mid-1990s to the late 1990s, substantially negative w E exceeding 0.5×10 −6 m s −1 was mostly induced to the east of approximately 140°W and 180°at the latitudes of K2 and KNOT, respectively; note that, in Fig. 10 , the signs of w E were reversed to match the coloring of SSH as in Figs. 9 and 11. In the late 1990s, the negative w E abruptly migrated to ∼180°longitude at the latitude of K2 (Fig. 10b) and to ∼170°E at the latitude of KNOT (Fig. 10c) , as illustrated by vertical dashed lines and connecting arrows in the figure. After the late 1990s, greatly negative w E frequently occurred from these longitudes to approximately 140°W. The frequent relaxation of the Ekman suction is attributed to the attenuation of the Aleutian Low due to the increase in occurrences of substantial La Niña from the late 1990s to mid-2000.
Associated with this westward jump of the forcing relaxation in the late 1990s, positive SSH anomalies seem to have propagated westward from approximately 150°W at the latitudes of K2 and KNOT. Additionally, at the latitude of K1, a westward jump of the wind forcing relaxation was observed in the mid-1990s (Fig. 10a) . Although the amplitude of the forcing change at the latitude of K1 is smaller than those at the latitudes of K2 and KNOT, the corresponding SSH elevation at K1 was as great as those at the other latitudes. The propagation speed from 150°W to 180°is estimated to be approximately 1.3 cm s −1 , which is much slower and faster than the estimated propagation speeds of the barotropic and baroclinic Rossby waves, respectively, as reported by Chelton and Schlax (1996) ( Table 1 ). The background flow in this region is up to eastward ∼15 cm s −1 (e.g., Roden 2000) , which is opposite to the propagation of Rossby waves. The northward shoaling of the main pycnocline is quite little (e.g., Roden 2000) . Despite taking into account of the background state, the propagation of this disturbance observed by the altimetry cannot be interpreted as the free baroclinic Rossby waves alone. Presumably, this propagating signal is a result of superposition of SSH fluctuations due to barotropic and baroclinic Rossby waves forced by the westward jump of the Ekman suction relaxation, although, in the model, the disturbance is rapidly damped just east of ∼160°W due to the strong dissipation and is rather depressed by the 1997/1998 El Niño. The frequent relaxation of the Ekman suction after the late 1990s caused the long-term elevation in SSH at the latitudes of K2 (Figs. 11b and 12b) and KNOT (Figs. 11c  and 12c ). In particular, the attenuations of the Aleutian Low due to the 2005/2006 and 2007/2008 La Niña greatly contribute to the decadal SSH elevation, i.e., substantial northward shrinkage of the WSAG, in the mid to late 2000s. In addition, there is a long-term decrease in w E at the latitudes of K2 and KNOT to the west of ∼180°l ongitude due to the weakening of the westerly wind (Fig. 9b, c) , which contributes to the increase in SSH at K2 and KNOT.
Using Eq. (12), we estimated the geostrophic volume transport relative to a depth of 1000 dbar in the western boundary region of the WSAG between the Kuril Islands and K2, as Nagano et al. (2016) by Favorite et al. (1976) and the climatological wintertime Sverdrup transport of ∼40 Sv by Ishi and Hanawa (2005) . The wind-driven volume transport in the layer from the sea surface to 4000 dbar, i.e., full-depth wind-driven volume transport, varied with a large standard deviation of 15.4 Sv. The small variability in the AGEM-based transport is attributed to the small vertical displacement of the main pycnocline. Therefore, the baroclinic variability might be really the minor component in the decadal wind-driven SSH and volume transport variations in the western subarctic region, as suggested by the present SSH computation. The full-depth volume transport of the extended WSAG (Fig. 7b) was approximately southward 20 Sv in 1994, when Nagano et al. (2016) examined the streamfunction from the sea surface to a depth of 1000 dbar, and it was larger in the period prior to the early 1990s. The volume transport in the extended gyre state is consistent with the estimated values of the Sverdrup transport (5-40 Sv) in past studies. After the early 2000s, the East Kamchatka Current returned northeastward to the north of K2 due to the northward shrinkage of the WSAG; therefore, the volume transport vanished in the early 2000s and was occasionally positive, i.e., northward. This is consistent with the distribution of the streamfunction of the diminished WSAG in 2004 prepared by Nagano et al. (2016) .
At the latitude of K1, near the west coast of North America (∼140°W), a substantial Ekman pumping (downward velocity) is present through the study period but is quite limited, yielding a significant SSH elevation to the west. Even though the barotropic disturbances are generated by the wind stress changes in the central region between approximately 140°W and 180° (Fig. 12a) , they are likely to be shielded by the Aleutian Arc, as described above. The disturbances locally generated in the area between K1 and longitude 180°affect SSH at K1. Figure 13 shows pentad mean wind-driven SSH maps during 1995 -1999 -2004 , and 2005 -2009 . During 1995 -1999 , just after the onset of the gyre shrinkage (Fig. 13a) , the cyclonic WSAG is produced in the western subarctic region, as illustrated by a low SSH to the west of approximately 175°W. The WSAG is considerably (Fig. 13b) , and eventually disappears around K2 during [2005] [2006] [2007] [2008] [2009] (Fig. 13c) . The gyre shrinkage is associated with a substantial anticyclonic circulation centered around 43-44°N, 170-175°E, southeast of the WSAG (Fig. 13b, c) , which has been developed from a weak SSH peak around 44°N, 175°E during 1995-1999 (Fig. 13a) . Owing to the meridional scales of the WSAG and the anticyclonic circulation (∼500 km), the SSH change in the western subarctic region is fairly affected by the second meridional mode (m = 2). Despite prominent variations with smaller spatial scales (100-200 km) in altimetric SSH, the simulated wind-driven change of the WSAG is basically consistent with the gyre shrinkage observed by the satellite altimetry (Fig. 14) . However, unlike calculated wind-driven SSH, altimetric SSH did not change significantly or decreased from 1990-1995 (Fig. 14a) to [2000] [2001] [2002] [2003] [2004] (Fig. 14b) in the central area where the correlation between these SSH fields is low (Fig. 6) . Intriguingly, the anticyclonic circulation is accompanied by a northeastward current at the western edge of the circulation (Fig. 13) . The corresponding northeastward current anomalies are found in the altimetric SSH anomaly maps (Fig. 14) and are coincident with a northeastward jet from around 43°N, 160°E to 45°N, 170°E (J2) reported by . Qiu (2002) reported that the SSH variation in the initial phase of the WSAG shrinkage is caused by the baroclinic Rossby wave adjustment to the change in wind stress. Meanwhile, the present calculation of the winddriven SSH variation demonstrates that the barotropic Rossby wave adjustment is primarily responsible for the northward shrinkage of the gyre. We think that the difference is attributable to that of the dissipation rates used in the models. The dissipation rate used in Qiu (2002) is much smaller (6-year damping) than that in the present model (approximately 1-year damping for the first baroclinic mode) ( Table 3 ). Note that the SSH variation which Qiu (2002) used to determine the dissipation rate is dominated by the variation on the annual timescale (Fig. 19b in Qiu 2002) . On the other hand, as described above, we determined the eddy dissipation coefficients by fitting the SSH variations on interannual to decadal timescales. This is likely to be the reason why the dissipation rate used in Qiu (2002) is much smaller. If we set B to a lower value, 1×10 −8 m 2 s −3 , without changing other parameters, we obtain a smaller rate of the increase in SSH at K2 (0.35 cm year −1 ). Thus, the wind-driven decadal increase in SSH in the western subarctic region is considered to Nagano and Wakita Progress in Earth and Planetary Science (2019) 6:59 Page 20 of 26 be more exactly estimated in the present model with the higher dissipation, which substantially attenuates the baroclinic disturbances in the western region.
Remember that the eigenfunction of the barotropic mode is vertically constant (the black line in Fig. 4 b) , so that the vertical gradient, i.e., dφ 0 /dz, is zero. The barotropic Rossby wave response to the change in wind stress is not associated with the density change. Conversely, disturbances due to the baroclinic Rossby waves are expected to be associated with the density changes because dφ n /dz = 0 (n = 1, 2, 3, and 4). In particular, the vertical gradients of the modes higher than the first are remarkable just beneath a depth of approximately 110 dbar, where the winter mixed layer does not reach (Wakita et al. 2017 ) and the variations in the sea surface heat and freshwater fluxes are considered to be ineffective. The baroclinic Rossby wave responses and the associated potential density changes will be discussed in the next subsection.
Wind-driven potential density change
The amplitudes of the SSH variations due to the baroclinic Rossby wave responses to the changes in wind stress at the latitudes of K1, K2, and KNOT (Fig. 15) are smaller than those of the SSH variations due to the barotropic response (Fig. 12) but are larger than the error of the satellite altimetric observations (∼3 cm) (Le Provost 2001). The wind-driven baroclinic SSH variations are primarily generated not by remote wind stress changes via westward propagations of Rossby waves but by local changes in the wind stress. As demonstrated at the latitude of K2, the baroclinic Rossby wave response to the wind stress change due to the weakening of the westerly wind to the west of ∼180°longitude (Fig. 10b) contributes to the decadal increase in SSH in the western subarctic region during the calculation period (Fig. 15b) . This is consistent with the high correlation near K2 between wind stress curl and the SSH change in association with the WSAG shrinkage (Fig. 2) . In Fig. 16 , we show the first (n = 1) to fourth (n = 4) baroclinic Rossby wave mode variations in SSH at K2. Spatiotemporal patterns of the variations due to the second (n = 2) to fourth (n = 4) modes (Fig. 16b, c, and d) , which amplitudes are proportional to φ(0) 2 because of no significant propagations, are similar to each other but rather different from that of the propagating first (n = 1) mode variation (Fig. 16a) . Notably, the SSH elevations due to the second and third baroclinic Rossby wave modes are more prominent than those due to other baroclinic modes and well coincide with anomalously negative forcing in space and time (meshes in Fig. 16b and c) . Meanwhile, the SSH elevations by the first baroclinic Rossby wave mode are rapidly dissipated apart from negative forcing times and regions (meshes in Fig. 16a ), resulting in smaller amplitudes of disturbances than those by other higher baroclinic modes. There are reports on SSH variabilities due to higher baroclinic mode Rossby waves than the first. For instance, an analysis of the SSH variability in the South Pacific by Maharaj et al. (2007) indicates that the higher baroclinic mode waves contribute to the variations even to the south of 40°S. Remarkably, in Maharaj et al. (2007) , we recognize areas where the amplitudes of the second baroclinic mode variations are greater than those of the first baroclinic mode variations. Their report supports our indication that, also in the western subarctic region, the disturbances due to the higher baroclinic mode waves can have greater SSH amplitudes than those due to the first baroclinic mode waves.
With respect to the amplification of the higher baroclinic mode variations, it is worthwhile to point out the coincidence between the w E variation and the SSH variations due to the second, third, and fourth baroclinic modes. Such persistent wind stress forcing is considered to amplify disturbances until the balance between the forcing and damping is reached. The large amplitudes of the slowly propagating (or quasi-stationary) disturbances of the baroclinic higher modes can be interpreted by a quasi-resonant amplification (QRA). This amplification mechanism has been proposed to explain the reinforcement of quasi-stationary atmospheric Rossby wave disturbances with relatively high horizontal wavenumbers of 6-8 that possibly bring about frequent extreme meteorological events in recent years (e.g., Petoukhov et al. 2013; Coumou et al. 2014; Kornhuber et al. 2017) . In case of mid-and high-latitude oceans, fluctuations having large vertical scales rapidly propagate as the first baroclinic Rossby waves after excited by wind stress changes and are subject to the substantial damping. In contrast to the fast traveling fluctuations, the QRA mechanism can be exerted on quasi-stationary fluctuations of the higher baroclinic modes because they continue to be excited as long as forced and are reinforced despite the presence of the damping.
Corresponding to the intensification of the Aleutian Low associated with El Niño (indicated by depressions in the NPI in Fig. 7a ), negative SSH anomalies are found in the region between 170°E and 170°W at the latitudes of K2 and KNOT in 1981 K2 and KNOT in , 1983 K2 and KNOT in , 1987 K2 and KNOT in , 1993 K2 and KNOT in , 1997 K2 and KNOT in , 2003 K2 and KNOT in , and 2010 Fig. 15b and c) . The SSH disturbances due to the first baroclinic mode (n = 1) propagate westward (Fig. 16a) at the estimated propagation speed (0.45 cm s −1 , Table 2), even though the amplitude of the variation is significantly smaller (< 1 cm) than those of the other modes. Most of these ENSO-timescale baroclinic disturbances decayed significantly and did not proceed to K2 and KNOT. At the latitude of K1, the baroclinic SSH depressions due to El Niño are weak (Fig. 15a ) because this site is located to the north of the area of significant variation in Ekman vertical velocity driven by the change in the Aleutian Low.
The baroclinic Rossby wave mode variations, particularly higher baroclinic mode variations than the first, are responsible for the water density change in the subsurface layer around K2. The vertical distribution in potential density at K2 is shown by the contours in Fig. 17 ; to suppress noisy fluctuations on timescales shorter than approximately 3 years, the time series at each pressure level was temporally smoothed using a 49-month running mean filter. Associated with the decadal elevation in SSH at K2 during the study period (Fig. 15b) , the upper main pycnocline, which exists within depths of 100 to 300 dbar, tended to be deepened (Fig. 17 ). An anomalously large elevation and depression of the upper main pycnocline were observed in the periods around 1985 and 2006, corresponding to the inductions of negative and positive w E , which are quite limited to the west of ∼170°E (Fig. 10b) , respectively. They greatly contributed to the decadal deepening of the upper main pycnocline. The locality of the main pycnocline depth responded to the wind forcing support that the QRA mechanism plays a crucial role also in the deepening of the main pycnocline depth by the higher baroclinic modes.
We decomposed the variation in potential density into those of the baroclinic Rossby wave modes to examine the contribution of each baroclinic Rossby wave mode to the deepening of the upper main pycnocline (Fig. 18) .
In comparison to the first baroclinic Rossby wave mode (n = 1), the higher baroclinic modes (n = 2, 3, and 4), which have sharp vertical gradients in the modal structures of the potential density in the top 250 dbar (Fig. 4b) , are revealed to contribute greatly to the potential density change.
To perform a comparison with the annual mean time series of the halocline depth indicated by the in situ salinity value of 33.8 processed using ship-board CTD and Argo data by the method of Wakita et al. (2017) (the dashed line in Fig. 19) , we computed the annual mean time series of the wind-driven deepening of the upper main pycnocline, defined by the isopycnal surface of 26.8σ θ , (the solid line). The wind-driven deepening of the upper main pycnocline is consistent with that of the halocline. The linear trend of the 26.8σ θ isopycnal surface during the period of 1999-2014 is estimated to be 1.36 m year −1 , which is equivalent to approximately 70% of the linear trend of the halocline (1.79 m year −1 ) estimated from in situ data by Wakita et al. (2017) . Therefore, it is concluded that the higher baroclinic mode Rossby wave disturbances excited by the local change in wind stress and reinforced through the QRA mechanism mainly deepened the upper main pycnocline (halocline) depth at K2.
As described in "Introduction" section, sea surface water density change, which can cause steric sea level change, is not significantly detected in the western subarctic region (Wakita et al. 2017 ). On the other hand, the precipitation rate (rainfall) gradually increased in the western subarctic region during the study period (not shown). We estimated the impact of the freshwater flux change on the upper-ocean circulation. Using the NCEP/NCAR evaporation rate (E) and precipitation rate Potential density (σ θ , contours) and variations (kg m −3 , color shades) in the top 400 dbar layer due to the a first (n = 1), b second (n = 2), c third (n = 3), and d fourth (n = 4) baroclinic modes of the Rossby waves forced by the wind stress. The contour interval is 0.1 kg m −3 . Smoothing was performed using a 49-month running mean filter (P) data, we calculated freshwater flux, E −P, as processed in Nagano et al. (2017) . The vertical velocity due to freshwater flux estimated as w F = (E − P)/ρ 0 (e.g., Gill 1982) is downward owing to the excessive precipitation in the western subarctic region and its magnitude is approximately two orders smaller than that due to the wind stress. Although the downward velocity attenuated and acted to elevate SSH through the study period, the impact of the freshwater flux forcing on the SSH change is much less than that of the wind stress change.
Conclusions
Focusing on the wind stress changes in the subpolar North Pacific, we examined the interannual to decadal variations in SSH related to the northward shrinkage of the WSAG using a dynamical model of the Rossby waves forced by changes in the wind stress and damped by horizontal and vertical eddy dissipation. The Ekman vertical velocity derived from the NCEP/NCAR wind stress data during the period of 1979-2014 was decomposed into the four meridional modes of the sine functions. Assuming a flat bottom ocean, the eigenfunctions and eigenvalues of the four baroclinic Rossby wave modes were obtained by solving the vertical structure equation based on the potential density profile averaged between 160°E and 170°E at 47°N (WOCE P01 line). The SSH variations excited by changes in wind stress propagate with different phase speeds and damping rates depending on the meridional and baroclinic modes. By adopting D H = 10 m 2 s −1 and B = 1×10 −7 m 2 s −3 for the horizontal and vertical eddy dissipation coefficients, respectively, we solved the vorticity gradient equation forced by the Ekman vertical velocity and obtained realistic SSH changes in the western subarctic region. SSH depressions related to the intensification of the Aleutian Low in winter of El Niño years, which were not comparably observed by the satellite altimetry, were produced probably because topographic effects such as the JEBAR were not taken into account in the model. With respect to the variations on decadal timescales, the correlation coefficient between the calculated and observed SSH variations is fairly high in the northwestern and eastern parts of the subpolar region; in particular, the value at K2 (0.79) exceeds the 90% confidence interval. However, probably because the damping parameters were set to be uniform in the whole subpolar region, the simulated SSH variation missed reproducing propagations of baroclinic SSH variations observed in the central subpolar North Pacific by the altimetry. The decadal SSH changes at K2 (47°N, 160°E) and KNOT (44°N, 155°E) associated with the northward gyre shrinkage was found to be primarily caused by the barotropic Rossby wave response to the relaxation of the Ekman suction due to the attenuation of the Aleutian Low by the frequent occurrences of La Niña after the late 1990s and the long-term weakening of the westerly wind. The northward WSAG shrinkage is found to be accompanied by the intensification of an anticyclonic circulation centered around 43-44°N, 170-175°E on the southeast of the WSAG. At the latitude of K1(51°N), the SSH variation from the east of the southern end of the Aleutian Arc is shielded and that locally excited to the west affects the variation in SSH at K1.
The local baroclinic Rossby wave response to the weakening of the westerly wind was revealed to produce a decadal deepening of the upper main pycnocline in the western subarctic region. The disturbances of the first baroclinic Rossby wave mode propagated from the forcing regions and decayed substantially after excited. Meanwhile, the disturbances of the higher baroclinic modes, i.e., the second, third, and fourth modes, simultaneously occur with the forcing and are significantly reinforced through the quasi-resonant amplification (QRA) mechanism owing to their slow propagations, i.e., persistent characters, until the balance between the forcing and damping is achieved. Because the higher baroclinic modes have steep vertical gradients in the modal structures of the potential density in the top 250 dbar layer, the variations of these modes primarily contribute to the deepening of the upper main pycnocline. The impact of the first baroclinic mode variation on the upper main pycnocline is negligibly small. The linear trend of the wind-driven deepening of the upper main pycnocline at K2 during the period of 1999-2014 (1.36 m year −1 ) reached approximately 70% of the linear trend of the in situ halocline depth (1.79 m year −1 ) estimated by the method of Wakita et al. (2017) . The deepening of the upper main pycnocline was primarily accounted for by the baroclinic Rossby wave response to the decadal change in wind stress. 
